Abstract: Improving distribution system reliability has received a great deal of attention in recent years. Because of the limitation in expected budgets, it is desirable to determine the most efficient strategy to improve system reliability. This paper proposes a novel method to determine the optimized operation and maintenance costs in order to decrease the failure of system components. The proposed objective function includes the average system frequency interruption index (ASIFI) value. To achieve the best strategy to decrease failures of system components, it is necessary to find the minimum value of the objective function, considering the constraints of operation and maintenance costs. A genetic algorithm is used to solve the optimization problem. Moreover, a new mathematical model to calculate system reliability indices, including the ASIFI, is introduced. The proposed method is applied to a realistic distribution system. The results illustrate the effectiveness of the proposed method in order to increase the system reliability in an optimal manner.
Introduction
The deregulation of electricity markets has urged the restructuring of vertically integrated power systems to generation, transmission, and distribution corporations. With this separation, electric utilities and network operators have focused on more reliable and profitable operation of power system corporations [1] . This is why, according to the customer failure statistics in [2] and [3] , distribution systems have the most significant contribution to customer interruptions. Thus, most of the distribution network operators (DNOs) have tried to improve system reliability in an economic way.
A great deal of attention has been paid by researchers to propose methodologies aimed at improving distribution system reliability. These methodologies are generally based on the optimal placement of switches, reclosers, and protective devices in distribution systems [4] [5] [6] [7] [8] [9] [10] [11] [12] ; adopting distributed generation (DG) [13] [14] [15] [16] [17] ;
and system reconfiguration solutions [18] . In recently published works [19, 20] , methodologies were proposed that aimed at improving distribution system reliability by reducing the failure rate and repair time of power system components. However, less attention has been paid in these studies to prioritize power system components for being subjected to decrease the failure of system components and repair time. This is why, in practical applications, a prioritized scheme is required to allocate the limited budget to enhance system reliability. Furthermore, there are several methods to reduce the failure rate of distribution systems, such as using shield wires and replacing overhead lines with cable sections, as well as reducing the operating temperature of lines, e.g., by capacitor placement throughout the network. However, the existing methods seem to be unable to choose the most critical components in the power system and the most economical way to improve system reliability when the budget is limited. Thus, further work is needed to fill the knowledge gap in this area of research.
This paper tries to fill such a knowledge gap by bringing 2 main contributions into the existing literature. First, a novel method is proposed to calculate reliability indices in distribution networks. Using the proposed method, it is possible to simply recalculate system reliability indices after any change in the reliability parameters of the system components. Next, an optimization formulation is proposed to determine the most important system components that affect system reliability indices. The proposed method in this paper uses an objective function based on the average system interruption frequency index (ASIFI), which is one of the most commonly used load-based reliability indices (see [21] and [22] for more details). The limited budget available for reliability improvement and the lower bound of the ASIFI are both considered as constraints in the problem formulation. A genetic algorithm (GA) is used to solve the optimization problem. The proposed methods are applied to a realistic distribution network in Tehran city center. This paper is organized as follows. Section 2 addresses the presented approach for the reliability modeling of distribution systems. The optimization algorithm of the objective function is proposed in Section 3. Numerical results are discussed in Section 4, and conclusions are given in Section 5.
Problem formulation
The main purpose of this paper is to optimize distribution system reliability and its associated costs by reducing the failure rate of the most critical power system components. This is performed by introducing an objective function based on the ASIFI. The operation and maintenance budget available to reduce the failure rate of the network components and the minimum acceptable value of the ASIFI are considered as the constraints of the optimization problem. The proposed objective function is as follows:
The definition of the ASIFI is presented by Eq. (2) [21] :
It is noted that the proposed method only considers permanent faults and all of the temporary faults are assumed to be clear by reclosers. Moreover, the fuse saving overcurrent protection philosophy is used in the introduced method. As mentioned in Section 1, a novel simplified reliability calculation method is presented in conjunction with the optimization formulation to calculate the reliability indices of distribution networks. Eqs. (3)- (10) introduce the main formulations of the method. They are used in this paper to calculate the ASIFI. However, the proposed formulations are general and can be used to calculate other reliability indices.
The simplified method of the reliability calculation is based on 2 factors, nominated as F 1 and F 2 . These factors use the network topology, the number of customers connected to each load point, and the probability of a fault occurrence in each feeder section to calculate the number/amount of interrupted customers/loads when a given fault occurs in distribution networks.
Generally, all of the faults of the distribution network are classified into 2 groups. The first group contains those occurring in the main sections and the second is dedicated to the faults in the lateral branches. F 1 and F 2 calculate the interrupted customers/loads of the network for the faults in the main and lateral branches, respectively.
Here, A(i, j) is a function defined to simplify the calculation procedure, and is defined as follows:
As can be inferred from Eq. (3), F 1 is a function of the failure rates of the network sections, as well as the loads connected to each section. To explain this factor more clearly, a sample fault is shown in Figure 1 , together with its resulting interrupted areas. As can be seen from Figure 1 , the fault has occurred on the main branch and the interrupted customer/loads are divided into 4 groups. The first 2 groups correspond to the customers/loads connected to the main branch, downstream and upstream of the fault point, respectively. Eqs. (5) and (6) show the terms corresponding to each group, in F 1 . 
Similarly, the terms corresponding to the other 2 groups of customers/loads, i.e. those connected to the lateral sections, downstream and upstream of the faulted point, respectively, are demonstrated by Eq. (7).
F 2 shows the number/amount of interrupted customers/loads when a fault occurs in a lateral branch. If there is a protective device in each section of the lateral branch, the interruption would be sensed only by the customers/loads connected to the faulted lateral branch. Otherwise, all of the customers/loads downstream of the nearest protective device would experience an interruption. Figure 2 illustrates the interrupted areas for a fault at a lateral branch.
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In Figure 2 , the interrupted customers/loads are divided into 3 groups. Interrupted area 5 shows the customers/loads connected to the main branch. In contrast, interrupted areas 6 and 7 indicate the customers/loads located at lateral branches. Under this circumstance, Eqs. (9) and (10) show the mathematical formulation to calculate the number/amount of customers/loads connected to the main and lateral branches, respectively.
Based on Eqs. (3)- (10), the definition of the ASIFI can be modified as follows:
where X = the value of the installed loads
When a distribution system is in operation with its protective devices installed, the ASIFI is a function of the failure rate of the system components. The compensation level is defined based on the compensated and uncompensated failure rates of a system component, as shown by Eq. (12) .
It should be noted that the introduced methodology is focused on pure radial distribution networks. However, it is possible to apply it to systems with feeder ties after some modifications.
Objective function optimization
The capital cost needed to reduce the failure rate of each line section can be expressed as a function of the compensation level, as shown by Eq. (13) . According to the literature [23, 24] , simple actions such as pruning trees and reducing the current flow through the line sections can improve their failure rates up to 85% of those without compensation, and for further reductions in the failure rates, much more capital cost would be needed. This concept is modeled by the 3-sectional function of Eq. (13), and is shown in Figure 3 .
(13) Figure 3 shows the capital cost needed to reduce the failure rate of the line sections as a function of the compensation level. As is shown, 3 sections are defined for the cost function. By taking this approach, the capital cost can be calculated in each section based on Eq. (14) .
Due to the complexity of realistic distribution networks, the use of intelligent methods seems to be inevitable when the proposed method is applied to realistic case studies. Several intelligent optimization methods such as the GA [6, 10, 11] , ant colony system [8, 13] , tabu search [7] , and simulated annealing [6] have been used in previous works. In this paper, a GA is used to solve the proposed optimization problem, by representing each line section with a gene within the GA's chromosomes. Figure 4 shows the flowchart of the optimization procedure. 
Numerical results
The proposed methods in Sections 2 and 3 are applied here to a realistic distribution network in the Tehran city center. Figure 5 shows a single line diagram of the distribution network, together with the installed protective and switching devices. Table 1 presents the general data of the network. Furthermore, the allocation of the protective devices to the network branches is shown in Table 2 . Table 3 presents the numerical values of the coefficients used in the proposed objective function. These values are extracted from the available experimental data of the Tehran Regional Electricity Company (TREC), the entity responsible for the operation and maintenance of the network under study. The first compensation area is relevant to a maximum 15% reduction in the failure rates of the network lines. This can be obtained by economically appropriate approaches. Different methods, such as decreasing the current passing through lines using capacitors to supply the reactive power of loads or DGs, pruning trees, and the elimination of the natural barriers are recommended for the first compensation area [2, 23] .
The maximum cost of these compensations is considered to be US$40/m. More compensation in the second compensation area requires a higher cost because the resizing of the line conductors and shielding for lightning strikes should be performed for this compensation area. The minimum and maximum required costs within the second compensation area are $100 and $200/m, respectively. Furthermore, expensive fundamental changes are required in the third compensation area.
Figures 6 and 7 show the convergence of the optimization process for the 2 scenarios under study, respectively, and contain the results for both the best and average values of the objective function in each generation of the GA. The present value of the ASIFI is about 1.7855. Under the first case study (C is limited to $400,000 in this case), the optimum value of the ASIFI, as can be seen from Figures 6 and 7 , gets reduced to 1.6306 (about 91% of the base case). By doubling the available budget for the reliability improvement, the optimum value of the ASIFI may even reach 1.4786 (83% of that of the base case). To put it more simply, it can be said that the TREC has $400,000 and $800,000 in cases 1 and 2, respectively, and the proposed method can obviously calculate the best ASIFI that can be achieved. It can further determine the line segments that are needed to be subjected to reliability improvement actions to achieve such an ASIFI. Table 4 shows the compensation ratio (CR) for each line section based on the optimized solutions obtained for the scenarios under study. As can be seen, the CR of the sections located in the lateral branches is generally less than the ones located in the main branch. The results show that for the first scenario, the CRs of sections 61 to 72, 132 to 139, and 143 to 148, and for the second scenario, the CRs of sections 143 to 149 are approximately '0'. Furthermore, the maximum value of all of the CRs in first and second scenarios is '0.15'. In analyzing these results, it should be mentioned that all of the CRs are limited to 0.15. This is because of the significant difference in the compensation cost when the compensation area changes from one area to another. Furthermore, in Figures 8 and 9 , the plots of the compensation cost for all of the line sections are shown under the scenarios. As can be seen, the maximum value of the compensation costs are about $11,192 and $64,000, which belong to line sections 50 and 152. By analyzing the compensation cost allocated to each line section, it is possible to determine the most and the least important sections to improve the network reliability. Furthermore, as can be inferred from the results, most of the line sections that are not being recommended to decrease their failure rate are those located in the lateral branches with a protective device. 
Conclusion
The reliability improvement of distribution systems has emerged as an important research area in recent years. Decreasing the failure rates of power system components has been an effective strategy to improve system reliability. In this paper, a novel method is proposed to optimize the required investment to improve distribution system reliability by decreasing the failure rate of the system components. The proposed method uses a GA as the optimization method and has set the objective function based on the ASIFI. Furthermore, it considers the limited budget available for the reliability improvement. The proposed method is applied to the realistic distribution system of Tehran city center. The obtained results illustrate the effectiveness of the proposed method. It is possible to determine the critical lines according to their importance on the system reliability and by decreasing the failure rate of these critical lines, the reliability improvement can be obtained optimally.
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T
Total number of customers connected to the distribution system S Total load demand of the distribution system, in MVA F 1 
